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Abstract 
 
 We investigated the relationship between dementia risk and concussion history in 
a physically active, middle-aged adult population (between the ages of 30 and 65). These 
participants either had one of the following: a family history of Alzheimer's disease, a 
history of concussion(s), both histories, or no histories. We know from previous work in 
our lab that those with dementia or concussion history performed poorly when asked to 
make skilled movements when having to think simultaneously (cognitive-motor 
integration, CMI). Here we conducted a cognitive-motor assessment on middle-aged 
recreational athletes (male and female) using a computer tablet-based task. Data collected 
included kinematics such as reaction and movement time, path length, accuracy, 
precision. We predicted that those who either have a concussion history and/or family 
history of dementia will perform poorly when compared to controls, and that this effect 
will be exacerbated in those individuals with both factors. On an exploratory basis, these 
data will provide insight into lifestyle factors that may affect cognitive-motor integration 
in middle-aged adults, an ability often important for functioning safely at work and sport. 
We found that those with both histories have impairments in movement pathlength when 
compared to those with only concussion history and no histories, suggesting an additive 
effect of both histories on CMI performance. But activity level does not seem to be 
protective with regards to CMI decline in those with brain health issues. The data 
collected will expand current research on rule-based skill assessment that can identify 
functional CMI impairments before current clinical signs of dementia are observed (or 
after current signs of concussion resolution are observed). 
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Introduction 
 
 
Transforming sensory and cognitive information into a desired action 
 
 
From the time we wake up in the morning to the time we retire to bed, we interact 
and reach for a plethora of objects such as a pencil, a smart phone or another human 
hand. Something as simple as reaching for a delicious cupcake seems so intuitive to us 
but the neural networks responsible for planning and executing such actions are quite 
intricate (Gorbet & Sergio, 2016; Granek & Sergio, 2015; Hawkins, Sayegh, Yan, 
Crawford, & Sergio, 2013; Henriques, Medendorp, Khan, & Crawford, 2002; Sayegh, 
Gorbet, Hawkins, Hoffman, & Sergio, 2017). To reach and devour that cupcake, we must 
be able to transform the visual information of its characteristics (such as its size, shape 
and location on table) into motor output (Atkinson & Braddick, 2011; Henriques et al., 
2002). This process is known as visuomotor transformation, which requires longitudinal 
white matter tracts between the parietal (sensory integration) and frontal (executive 
function, motor planning & sequencing) lobes; frontoparietal network (Gorbet, Vesia, & 
Sergio, 2003; Hawkins, Goyal, & Sergio, 2014; Hawkins, Sayegh, Yan, Crawford, & 
Sergio, 2012; Sayegh et al., 2017).  
According to Wise et al (1996), reaching can be either standard or non-standard. 
In standard transformations or mappings, you can directly interact with an object such as 
a barbell on the ground; you shift your gaze to a near by bar and you maintain that gaze 
until the bar is grasped. Neurologically, this kind of transformation is regarded as the 
default network, controlled by various frontoparietal regions important for sensory 
integration, planning and execution (Gorbet & Sergio, 2016; Hawkins & Sergio, 2014). 
This network includes activation in the primary motor cortex, medial motor areas, lateral 
premotor cortex and the superior parietal lobule (Gorbet, Staines, & Sergio, 2004).  
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The other type of mapping, non-standard, is not as straightforward as standard 
mappings are. These mappings occur when gaze and arm movement are dissociated, 
compared to standard mappings where gaze and arm movements are closely associated 
(Gorbet & Sergio, 2016; Henriques, Klier, Smith, Lowy, & Crawford, 1998; Prablanc, 
Echallier, Komilis, & Jeannerod, 1979; Scherberger, Goodale, & Andersen, 2003). An 
example of this would be using a computer mouse because you are looking at the screen 
but controlling the cursor with you arm; thus, your gaze and arm are dissociated since 
you would not normally stare at your mouse whilst shopping online. Gorbet and 
collegues (2004), using BOLD fMRI, found that tasks that required the dissociation 
between eye and hand (non-standard) do not activate the default network the same way a 
standard task did. They expected to see increased activity in the default network with 
non-standard tasks, but they witnessed decreased activity instead. This is perhaps due to 
the brain’s attempt to hinder the network’s role in coupling the eyes and hand in direct 
interactions because non-standard transformations require a decoupling of gaze and arm 
movement.  
Non-standard mappings can be categorized as either arbitrary or transformational (Wise 
et al., 1996). Arbitrary transformations occur when the rule between visual stimulus and 
motor output are, well… arbitrary. An example includes stepping on the accelerator when 
a traffic light turns from red to green. The colours used are completely arbitrary as they 
could be any colour to elicit an appropriate motor response. However, transformational 
mappings are more spatial in nature. Since the gaze and movement are dissociated, the 
dissociation can occur in different spatial planes (i.e. horizontal and vertical). An 
example would be performing laparoscopic surgery because the surgeon will be gazing at 
a monitor on the horizontal plane and utilizing tools in the vertical plane; the computer 
mouse example used earlier is also considered transformational. To add to this, these 
3 
 
transformations require the frontoparietal network, thus one can simplify that we are 
essentially thinking and moving at the same time; a phenomenon know as cognitive-
motor integration (CMI). CMI is the integration of a cognitive rule in order to execute a 
desired motor output (Gorbet & Sergio, 2009, 2016; Wise et al., 1996).  
If we consider lesion studies, they give valuable insight into human behaviour and 
can support the claim that CMI requires robust white matter connections between frontal 
and parietal areas. The role of the posterior parietal cortex in CMI is pivotal, it is 
responsible for integration of visual information into motor plans specific for reaching; 
visually guided movements (Blangero, Menz, McNamara, & Binkofski, 2009; Hwang, 
Hauschild, Wilke, & Andersen, 2012; Snyder, Batista, & Andersen, 2000). Unfortunately 
for patient IG, damage was sustained in IG’s posterior parietal cortex, specifically the 
caudal superior parietal area. This resulted in optic ataxia, meaning IG’s visually guided 
reaching was  significantly impaired but was still able to recognize objects (a function 
reserved for the inferior temporal lobule) (Blangero et al., 2009; Hwang et al., 2012; 
Karnath & Perenin, 2005; Pisella et al., 2009). 
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Feedback & Feedforward Models of Reaching 
 
 With any sort of reach with the arm, our central nervous system must be able to 
estimate a motor command to achieve a goal and to predict possible consequences of a 
motor action. Over the years two models have been proposed and there is disagreement 
around which one can define the psychophysical underpinnings of limb dynamics. The 
feedforward model proposes that a motor plan is predetermined or defined well before 
motor execution; that is, a series of muscles are selected in the arm to be integrated into a 
motor plan before arm displacement towards a visual target (Desmurget & Grafton, 2000; 
Sabes, 2000). However, this model suggests that online feedback loops are only applied 
to the end of an arm trajectory, therefore this model is best used to describe quick and 
stable goal-directed arm movements (Jeannerod, 1988; Keele, 1981). Feedback models 
counter this view, stating that the series of muscle activation necessary to reach for a 
target are not predetermined before the onset of arm movement, only during arm 
displacement does this occur. Since no prior motor plan is established, the motor 
command is created during arm displacement while an error signal compares location of 
the current system (i.e. arm) to a reference state (i.e. target position) (Desmurget & 
Grafton, 2000; Hinton, 1983; Sabes, 2000). However, it is worth noting that this model is 
associated with long visual and proprioceptive delays (Cordo & Flanders, 1989; Keele, 
1981; Petersen, Christensen, Morita, Sinkjær, & Nielsen, 1998). So, it seems that both 
models have their merits and apparent drawbacks. It is with this association that a hybrid 
model has been proposed. As the name implies, hybrid models are an amalgamation of 
both feedforward and feedback attributes. A preliminary, unpolished motor plan is 
established before arm displacement (Pélisson, Prablanc, Goodale, & Jeannerod, 1986) 
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then the plan is refined following motor execution with online feedback loops 
(Desmurget & Grafton, 2000).          
  In sum, feedforward models help explain why learned behaviours are executed 
quickly (e.g. playing piano for decades) and feedback models explain why novel 
movements and behaviours take time and correction to perfect and retain (Crawford, 
Medendorp, & Marotta, 2004). 
 
 
Cognitive-Motor Integration Dysfunction: Dementia Risk & Concussion 
 
 The frontoparietal network is essential for visuomotor transformations or CMI. 
However, in certain circumstances CMI performance can be impaired. One such 
circumstance is the increased risk of developing dementia. Dementia is an age-related 
gradual decline in cognitive functioning. Impairments or abnormalities are seen in 
memory, executive functioning, motor control, mood and motivation. These 
characteristics tend to interfere with relationships and work, and dependency on family 
and health care increases (Cerejeira, Lagarto, & Mukaetova-Ladinska, 2012; Robillard, 
2007). Nonetheless, is dementia inevitable as we age? That may be the case, since 
populations around the world continue to live longer and experience progressive 
cognitive decline (Gauthier et al., 2006; Lindsay et al., 2002; Morris, 2005; Robillard, 
2007; Scheltens et al., 2016). However, it is possible to identify variables and biomarkers 
that may influence dementia risk. The APOE e4 gene variant is known to be linked with 
an increased risk of developing dementia later in life (Farrer et al., 1997; Hawkins & 
Sergio, 2016; Hawkins, Goyal, & Sergio, 2015; Hawkins & Sergio, 2014; Riedel, 
Thompson, & Brinton, 2016; Roses, 1996); since it is a genetic factor, it can be passed 
down to children and, if genetic testing is not available, the only way to conclude if one is 
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at risk for developing dementia, is to wait until parent(s) reaches age of onset. In 
addition, the APOE e4 variant is associated with abnormal grey and white matter level in 
the brain (Hawkins, Goyal, & Sergio, 2014; Kara M. Hawkins & Sergio, 2016; Honea, 
Swerdlow, Vidoni, Goodwin, & Burns, 2010; Persson et al., 2006; Podewils et al., 2005; 
Riedel, Thompson, & Brinton, 2016). Thus, there is a strong association between 
white/grey matter integrity and processing the APOE e4 variant, and this abnormality in 
neural tissue can translate into numerous deficits in behaviour; such as CMI performance. 
Hawkins and colleagues found that older adults who were at risk for developing dementia 
performed poorly on non-standard CMI task while showing, via diffusion tensor imaging, 
decreased white matter integrity in the frontoparietal network associated with CMI 
(Hawkins & Sergio, 2014; Hawkins, Goyal, & Sergio, 2015b; Salek, Anderson, & Sergio, 
2011). What is more striking is deficits in CMI in those with dementia risk may be 
indicative of early stage dementia (W.J. Tippett & Sergio, 2006; Verheij et al., 2012).  
 Let us shift attention to concussions; another phenomenon that afflicts thousands 
to millions of people, especially athletes, every year. A popular definition states that 
concussion “is a complex pathophysiological process affecting the brain, induced by 
traumatic biomechanical forces” (Signoretti et al., 2011). To expand on this, the current 
consensus statement on concussion in sport states that a sport-related concussion: may be 
caused by a direct blow to the head, face, neck or body with a force transmitted to the 
head; usually results in rapid onset of short-term impairment of neurological function, 
typically functional issues rather than structural; may result in neuropathological changes, 
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and may or may not include a loss of consciousness (McCrory et al., 2017). Symptoms 
that may occur when one sustains a concussion include physical, cognitive, emotional 
and sleep disturbances (Brown, Elsass, Miller, Reed, & Reneker, 2015; McKee et al., 
2009) along with neurological changes such as, again, altered white and grey matter 
(Lipton et al., 2013; McKee & Robinson, 2014; Sussman et al., 2017). As such, when 
there is altered white and grey matter, behavioural anomalies ensue. Studies on youth 
sports players displayed consistent data proposing that players with a history of 
concussion perform poorly on behavioural tests where CMI is required (Brown, Dalecki, 
Hughes, Macpherson, & Sergio, 2015; Dalecki, Albines, Macpherson, & Sergio, 2016; 
Hurtubise, Gorbet, Hamandi, Macpherson, & Sergio, 2016). These deficits are not 
isolated in youth but there are impairments in older adults as well. A study done by 
Guskiewicz and colleagues (2005) conducted a battery of tests on 2552 retired 
professional football players and concluded that symptoms related to dementia may be 
due to multiple concussions sustained during a retired athlete’s professional career and 
that these symptoms occur early in the retirees when compared to the general population. 
To link this to dementia, they also found an association between the APOE e4 variant and 
concussion history and found those with both were more susceptible to symptoms of 
dementia; the allele is strongly associated with increased severity of neurological 
impairments (Brichtová & Kozák, 2008; Graham, Horsburgh, Nicoll, & Teasdale, 1999; 
Jordan et al., 1997; Mahley & Huang, 2012; Saunders et al., 1993). Consequently, one 
can conclude that dementia-like signs and symptoms are induced by have sustained 
concussions during youth or adulthood in which severity in brain dysconnectivity can be 
influenced by the APOE e4 allele. 
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Briefly, there seems to be a relationship between the APOE e4 gene variant, 
neurodegeneration, and deficiencies in CMI. It known that those with sustained 
concussions and those with dementia suffer from poor CMI performance; thus, it is 
conceivable to consider using CMI to detect (non-invasively) these functional deficits in 
at-risk populations (i.e. sport players, ageing populations). Building on that premise, 
would those with both concussion history and dementia risk display much poorer CMI 
performance than those with either alone? Would their functional living be significantly 
hindered because of it? 
 
Physical Activity & the Brain 
 
Being physically active regularly has pronounced health benefits, engaging in 
activities that tax the cardiorespiratory system can lead to increased stroke volume, 
decreased resting heart rate, increased mitochondria proliferation, increased muscular 
hypertrophy and endurance, etc (Miller, Balady, & Fletcher, 1997; Warburton, Nicol, & 
Bredin, 2006; Yan, Okutsu, Akhtar, & Lira, 2011). Neurological and psychological 
benefits of physical activity are also apparent which include increased white/grey matter 
integrity, decreased anxiety and depression, and decreased risk of developing dementia 
(Boraxbekk, Salami, Wåhlin, & Nyberg, 2016; Kirk I Erickson, Hillman, & Kramer, 
2015; Gons et al., 2013; Gow et al., 2012; Kalaria, 2010). However, the definition of 
“physical activity” is open to interpretation in contemporary research. For simplicity 
sake, we will subscribe to Caspersen, Powell, & Christenson's (1985) definition of 
“physical activity” and “exercise”. Physical activities are movements caused by skeletal 
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muscles that expend energy, energy expenditure that varies from low to high. Exercise is 
similar to physical activity, but movements and actions are planned, structure and 
repetitive with a goal of achieving a certain level of physical fitness. This leads to the 
definition of physical fitness: A set of characteristics that individuals inherently have or 
achieve that relates to the ability to perform physical activity. These characteristics 
include cardiorespiratory endurance, muscular endurance and strength, flexibility and 
mobility, agility, coordination, speed, power, reaction time, and body composition 
(Monyeki et al., 2005; Vaara et al., 2012). These qualities can be attributed to athletic 
ability but Araújo & Scharhag (2016) believe an athlete must obtain said qualities while 
devoting most of his or her time to sport and training and be registered in regional or 
national sport federations. Though this is more of a contemporary definition of an athlete, 
we will continue to use Caspersen, Powell, & Christenson's (1985) definition of physical 
fitness as athletic ability.  
In children, diffusion tensor imaging display strong white (uncinate fasciculus, 
superior longitudinal fasciculus) and grey (basal ganglia, hippocampi) matter integrity in 
participants who went through an exercise intervention than controls, making neural 
areas known for memory and abstract thought more robust in active children (Chaddock-
Heyman et al., 2014; Chaddock, Erickson, Prakash, Kim, et al., 2010; Chaddock, 
Erickson, Prakash, Vanpatter, et al., 2010; K. I. Erickson et al., 2011). In older adults, 
atrophy of various brain areas are inevitable with increasing age (K. M. Hawkins & 
Sergio, 2014, 2016). Fortunately, physical exercise has been linked to higher grey matter 
volumes in the frontal cortex, hippocampi and caudate nucleus, this increase in grey 
matter is also associated with decreased risk of developing dementia (K. I. Erickson et 
al., 2010; Voss et al., 2016). Exercise also strengthens neural networks, compared to 
controls, engaging in cardiorespiratory exercise is linked to increased white matter 
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integrity in the brain (i.e. temporal region) while a sedentary lifestyle was associated with 
lower white matter integrity in the parahippocampal regions (Burzynska et al., 2014; K. I. 
Erickson et al., 2015). In addition, these adults are able to perform better than sedentary 
adults when tasked with complex cognitive tests that can be attributed to increased white 
matter connectivity between prefrontal, hippocampal, parietal and cingulate areas 
(Burdette et al., 2010; Voss et al., 2010). Thus, being physical active can have 
neurological (strong white and grey matter integrity) and behavioural (preserved 
cognitive/executive functioning) implications.   
Woodard and collegues (2012) investigated the effects of self-reported physical 
activity and cognitively stimulating activities in healthy adults with and without the 
APOE e4 allele. They self-reported cognitively stimulating activities a good predicator of 
cognitive decline in the participants. But there was an interaction between self-reported 
physical activity and APOE e4 possession, where those who are carriers but also active 
had reduced risk of cognitive impairments which the authors say may be attributed to 
increased functional and structural integrity in hippocampal regions in these participants. 
In addition, Smith and collegues (2011) demonstrated that participants who are carriers of 
the APOE e4 allele and physically active had better semantic memory-related activation 
compared to inactive carriers. In fact those who are carriers and inactive are predicted to 
have greater cognitive declines and hippocampal atrophy over an 18-month period (J. L. 
Woodard et al., 2012; Smith et al., 2014).    
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Athletes playing a sport for a long period of time are known to have quicker 
reaction times, coordination and are more efficient compared to non-athletes or new 
athletes. Expert tennis players are able to predict and anticipate situations better than 
novices, displaying stronger activation in areas linked to reaching (i.e. superior parietal 
lobe), prediction (i.e. frontal cortex), coordination and error detection (i.e. cerebellum); 
due to years of training, expert athletes are able to use more fine motor representations 
than novice athletes (Balser et al., 2014). Athletes also seem to have efficient neural 
networks, displaying lower activation in task-related neural networks than non-athletes, 
suggesting that athletes are able to activate neural areas necessary for their sport but use 
less energy to do so (Guo, Li, & Yu, 2017). Having athletic ability (physical fitness) is 
positively linked to preserve brain function in ageing individuals. In one study, white 
matter integrity was assessed in Masters athletes and sedentary older adults using MRI 
fluid attenuated inversion recovery and diffusion tensor imaging. It was found that 
Masters athletes had more preserved white matter tracts than sedentary participants and 
discussed the very possibility of physical fitness as having protective effects against age-
related neural atrophy and dementia (McKee, Daneshvar, Alvarez, & Stein, 2014; Tseng 
et al., 2013).   
 
Purpose & Hypotheses  
 In this study, we examine in a middle-aged and active population (i.e. between the 
years of 30 and 65) the effects of dementia risk and concussion on the middle-aged CMI 
network. We believe it is vital to study and analyse this population because they currently 
make up most of the workforce in Canada and North America, therefore their functional 
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living and quality of life is central for a strong and robust society. Also, once middle-
aged, most of these individuals will know if their parents, grandparents, aunts or uncles 
have or are developing dementia, facilitating the task of recognizing dementia in the 
family. 
 We hypothesize that when comparing data collected from middle-aged 
participants to data collected from our lab previously (youth and older adults), the 
middle-aged participants will perform just as poorly as concussed youth and dementia-
risk seniors on a non-standard CMI task (Dalecki et al., 2016; Kara M Hawkins & Sergio, 
2014; Hurtubise et al., 2016; William J. Tippett, Sergio, & Black, 2012). We also believe 
middle-aged participants with both concussion and dementia risk will perform worse on a 
CMI task than those with either alone. We will also investigate physical activity as a 
mitigative factor against CMI decline in those with concussion and/or dementia risk; this 
will be an exploratory measure.      
     
 
Methods & Materials 
This research has been reviewed and approved by the Human Participants Review 
Sub-Committee, York University's Ethics Review Board and conforms to the standards 
of the Canadian Tri-Council Research Ethics guidelines, all participants signed a written 
consent form beforehand. 
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Participants 
Participants (men and women) who were actively engaging in recreational sports 
and participants who were sedentary were recruited from various rec teams in the Greater 
Toronto Area; these participants were between the ages of 30 and 65 years.  
 Questionnaires are given initially, were the participant self-reported demographic 
data like age, dementia/concussion history, fitness level, video game use, etc (see 
Appendix 1). To be considered to have a history of concussion, one must have had at 
least one incident of a sustained concussion in their past or one during their current 
condition when answering the questionnaire. To be considered to have a familial history 
of dementia, the participant must have had: a maternal history of dementia (at least one 
close relative) or have multiple close relatives with dementia (maternal and/or paternal). 
To be considered having had a concussion(s), the participant must have previously 
sustained a blow to the head which may have resulted in headaches, loss of 
consciousness, confusion, amnesia, dizziness, nausea. To be considered active, the 
participant must have reached a certain score when answering questions that are based on 
physical activity engaged in during a typical week (i.e. involvement in recreational sport, 
involvement in competitive sport, running, walking, jogging, labour work, exercising at a 
gym). 
When concussion or dementia risk histories are known, each participant was placed in 
one of four groups: Healthy, concussion group (CHX), dementia risk (DHX) or 
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both (CDHX). When activity level is known, each participant will be placed in 
one of three groups: Sedentary, mildly active or moderately/highly active.  
Predictor Variables 
 In our questionnaire, we asked the participant to disclose various information. 
Numerical data that is collected included: age, number of previous concussions, period of 
unconsciousness, time to return to play, timeframe of sport(s) played, and frequency of 
smoking.  
Categorical data included: sex, dominant hand used, level of education, ethnicity, 
occupation, state of employment (full-time, part-time, and unemployed), sport(s) played, 
if they currently have a concussion, if they sustained a concussion(s) in the past (i.e. 
yes/no), smoking history (i.e. cigarettes, cannabis, both or other), if currently sustained a 
non-head related injury (if it kept participant from play longer than 48 hours or 3 weeks), 
if diagnosed with a neurological disorder, if they use a computer/tablet and frequency of 
use (i.e. rarely, sometimes, often and all the time), if they play puzzles and at what 
frequency, if they play video games and what kind (i.e. action or non-action) and how 
they rate their gaming skills when compared to their peers (i.e. low, intermediate, high) 
and lastly if they have anyone in their family with dementia and their relationship to the 
participant. If the participant is female, they will also answer if they are pre-menopausal, 
peri-menopausal or post-menopausal.   
Ordinal data included a list of activities in which participants rate each activity on weekly 
frequency (i.e. never, rarely [1day/week], sometimes [2 days/week], often [3-4 
days/week] and quite often [5-7 days/week]. These activities include: watching television 
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or movies, reading, socializing (e.g. playing cards, talking to friends, etc.), playing 
recreational sports, playing competitive sports, playing video/computer games, walking 
(at least 25 minutes), listening to music, exercising at a gym, doing non-labour work 
(paid or volunteer), doing labour work (e.g. landscaping, shoveling, painting, etc.; paid or 
volunteer), running or jogging and lastly doing puzzle, arts and crafts (e.g. knitting, 
crosswords, etc.). An activity score was quantified using data from: playing recreational 
sports, playing competitive sports, walking, exercising at a gym, doing labour work 
running, and jogging. Where “never” gave a score of 0, “rarely” gave a score of 1, 
“sometimes” gave a score of 2, “often” gave a score of 3 and “quite often” gave a score 
of 4. A cumulative score between 0 and 6 prompted inclusion to the sedentary group, a 
score between 7 and 12 prompted inclusion to the mildly active group, a score of 13 to 18 
prompted inclusion to the moderately active group and finally a score between 19 to 24 
prompted inclusion to the highly active group. The quite active group only had two 
participants in which case we decided to include them into the moderately active group, 
creating the moderately/highly active group.   
We defined a concussion as having previously sustained a blow to the head which 
may have resulted in headaches, loss of consciousness, confusion, amnesia, dizziness, 
nausea (Appendix 2). We also defined dementia risk as having a maternal history of 
dementia (at least one close relative) or having two or more close relatives (maternal or 
paternal) with dementia. Studies showed that women with a family history of dementia or 
have obtained the APOE e4 allele display an increased risk of developing dementia later 
in life (Farrer et al., 1997; Kara M Hawkins, Goyal, & Sergio, 2015a; Paganini-Hill & 
Henderson, 1994; Riedel et al., 2016; Tang et al., 1996; Hawkins, Goyal, & Sergio, 
2015b).   
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Outcome Variables 
 As mentioned earlier, all participants were subject to a visuomotor task using a 
tablet computer (Asus Transformer Book T100TAF; vertical screen) and a Keytec Magic 
Touch touchscreen (KTMT series; horizontal screen), as they were instructed to slide 
their index finger towards a peripheral, circular target (see figure 2) in two conditions. 
Variables collected and focused on are performance time, path length, velocity, precision 
and accuracy. 
Performance Time 
 Between multiple trials, the time between the vanished central target and 
movement initiation is calculated as mean reaction time (RT) (msecs); RT for the V 
condition and RT for the HR condition were calculated. Full movement time (MTf; in 
msecs) was calculated from the movement initiation to endpoint, such as reaching for and 
ending the movement by touching the target; MTf for V and MTf for HR were 
calculated. Ballistic movement time (MTb) (msecs) was time between start (surpassing 
10% of peak velocity) to first stopping point (dropping below 10%) in cursor movement; 
MTb for V and MTb for HR were calculated.      
Pathlength 
 The full pathlength (PLf) (mm) was the distance between start position and end 
position of cursor movement; PLf for V and PLf for HR were calculated. The ballistic 
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pathlength (PLb) (mm) was the distance between the start to first stopping point in cursor 
movement; PLb for V and PLb for HR were calculated. 
 
Precision & Accuracy  
 The absolute error (AE) or endpoint accuracy (mm) was calculated as the distance 
between mean movement endpoint for each target location and the actual target location; 
as such the variables, AE for V and AE for HR were calculated. The variable error (VE) 
or endpoint precision (mm) was the distance between endpoints of the movements from 
their mean movements; the variables VE for V and VE for HR were calculated.  
 
Procedures 
 Similar to the works of Brown & collegues (2015) and Salek, Anderson, & Sergio 
(2011) each participant was subject to a brief questionnaire, a consent form and two 
visuomotor task conditions, vertical and horizontal reversal, that occurred in a 
randomized order on a tablet computer (Asus Transformer Book T100TAF; vertical 
screen) and a Keytec Magic Touch touchscreen (KTMT series; horizontal screen). A 
schematic drawing of the equipment and the basic task are illustrated in Figure 1. In the 
vertical (V) task, the participant utilized the top (vertical plane) screen only and use their 
dominant arm to move the cursor toward the peripheral and central circular targets using 
their index finger; the participant’s gaze and finger directly interacted with the targets. 
The horizontal reversal condition (HR) was a non-standard CMI task, where the 
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participant interacted with both screens (tablet and touchscreen) on vertical and 
horizontal planes, creating two levels of decoupling for both visual and motor systems. 
Peripheral and central targets appeared on the vertical screen, but participants controlled 
the cursor with the horizontal (bottom) screen. However, in the horizontal screen there 
was a feedback reversal of 180°, thus the participant had to move their finger in the 
opposite direction to move the cursor toward a target. For example, to reach a peripheral 
target on the top side of the vertical screen the participant must move the cursor 
downwards on the horizontal screen. Participants sat on a chair with the BrDI device on a 
desk where the distance between the laptop and participant are at a comfortable length 
when stretching out their dominant arm. 
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A. 
 
 
 
 
 
B. 
 
 
 
 
 
 
Figure 1: Testing Apparatus and target display. A. Design for standard vertical (direct interaction) &   non-standard 
horizontal rotated (cognitive-motor integration) conditions, respectively. Starting point of the central target is 
represented as light grey eye, finger & cursor while dark grey denotes movement of eye & finger. The orange circles 
represent peripheral targets and the grey circles represent central position of finger prior to initial movement. B. Visual 
peripheral stimuli presented in the four locations on the screen. 
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As mentioned before, both conditions occurred in a randomized order. Within the 
task, the targets on the vertical touch screen are circular and 20 mm in diameter. The 
distance between central (centre screen) and peripheral targets was 55 mm as the task 
itself was displayed on a 125 x 125 mm black square with the surrounding background 
coloured grey, to maintain a constant visual border. In each condition, there was 20 trials 
(5 trials to each of the 4 peripheral targets); 40 trials in total for each participant. 
 As for the timing and target response in both conditions, a trial began with a 
central yellow target. Once the participant moved the cursor to the yellow target, with 
their index finger on their dominant hand, the central target turned green and after the 
finger is held for 4000 msecs the target disappeared, and a red peripheral target appeared. 
Once the peripheral target is reached and held for 500 msecs the target disappeared, then 
centre target reappeared in which the participants moved back to the centre; this counted 
as one trial. The next trial is followed with a green central target after an inter-trial 
interval of 2000 msecs.  
  Each participant had full view of their hand and fingers. Each participant was 
prompted to move the cursor toward each target as accurately and as quickly as possible 
and to minimally attend to external distractions when performing. The experimenter 
examined and monitored each participant’s trials and movements to distinguish error 
trials for each task (i.e. if they went in the wrong direction or the tablet had technical 
difficulties such as not responding to touch). Error trials (which will be discussed in Data 
Processing) are automatically removed during data analysis.  
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Lastly, the researcher was blind to the participant’s questionnaire responses. Only initials 
are given and once the questionnaire is completed, the participant folded the 
questionnaire and as given to the researcher. The blind was broken once the participant’s 
kinematic (outcome) data is entered and analyzed via MATLAB (Mathworks, Inc., 
Natick MA). Afterwards, the predictor variables from the questionnaires were collected 
and analyzed.  
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Figure 2: A trajectory output via MATLAB. The purple circles indicate the peripheral targets, the green lines indicate 
actual finger trajectory, the red dots indicate the start position of the finger and the blue dots indicate the end 
position. Each green line indicates the finger path of one trial. From this output we were able to utilize multiple 
variables.   
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Error Trials 
Error trials included: 1) cursor leaving the central target too early (< 4000 msecs), 
2) reaction time was too short (< 150 msecs) or 3) too long (> 8000 msecs), or 4) if 
movement time was too long (> 10000 msecs) and 5) if the first ballistic movement 
exited the boundaries of the central target in the wrong direction (i.e. finger movement is 
greater than 90° from a straight line to the target; output quantified as percentage of trials 
with direction reversals). 
Data Processing and Scoring 
 The task on the Asus™ tablet was conducted using the BrDI™ program. Finger 
positioning (x, y coordinates; at 60 Hz sampling rate), response times and error data were 
recorded during each trial. Saved raw data were converted into MATLAB readable 
format using a custom C++ application. Individual movement paths derived from the 
cursor position were filtered (low-pass Butterworth) at 10 Hz (filfilt function, MATLAB, 
Mathworks Inc.). Each individual trial for each participant was scored using custom 
software (MATLAB). Velocity and displacement (x and y path) for each trial were 
displayed for visual verification of automated movement onset and offset scoring of the 
filtered data. Movement initiation and ballistic movement endpoints (i.e. the initial 
muscular impulse before movement path corrections) were automatically scored as 10% 
of peak velocity. The processed data were then sent to a second custom-written analysis 
program to compute movement timing and execution outcome measurements. Individual 
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trials that exceeded 2.5 standard deviations from the mean for each outcome variable 
were eliminated.  
Statistical Analysis  
 A paired T-test was conducted for the outcome variables for the V and HR 
conditions respectively. A one-way MANCOVA (parametric) with age as a covariate and 
Group as a fixed factor (Healthy/sedentary, healthy/active, brain health issue/sedentary & 
brain health issue/active) was conducted with all outcome variables for the V condition. 
A second MANCOVA was conducted with all outcome variables for the HR condition. 
The variable “Neuro/Activity Status” was compiled due to the lack of power and missing 
data in certain variables to see if interactions occurred (i.e. no participants with CDHX 
and sedentary lifestyle), thus we grouped participants as either healthy/sedentary, 
healthy/active, brain issue/sedentary or brain issue/active. Post hoc analyses (Sidak) 
followed.  
Variables that were positively skewed (with a Shapiro-Wilks value of p≤ .001, 
and skewness >1: Reaction time for V and HR conditions, Absolute error for HR, 
Variable error for HR and Full pathlength for HR) were analyzed using a log function 
(ANCOVA) to shift their distributions to the right (Altman & Bland, 1996). 
 Since the “Neuro/Activity Status” variable essentially tested for interactions 
between activity level and brain health histories, we then looked at “Activity level” 
(sedentary, mildly active, and moderately/highly active) and “Neurological status” (no 
history [Healthy], concussion history [CHX], dementia risk [DHX], and both [CDHX]) 
separately in two one-way (parametric) MANOVAs to test for main effects of each. A 
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post hoc analyses (Sidak) followed. Effect of sex could not be extrapolated from our data 
due to low power in certain groups. Statistical significance levels are set to α = .05; all 
analyses were performed using SPSS statistical software (IBM, Inc).  
 Lastly, to support possible findings on additive effects of having both concussion 
and family history of dementia, performance variability was observed as well. Between-
subject variability in the Neurological group with significant HR outcomes was analyzed 
via Levene’s Test (age-adjusted means) to examine “noise” between these groups; a 
procedure previously conducted in our lab (W.J. Tippett, Alexander, Rizkalla, Sergio, & 
Black, 2013).    
Results 
Thirty-five participants (see table 1) were recruited (17 females; Mage= 42.4 years 
old ± 10.7). Regarding neurological status, 16 of the participants were healthy (8 females; 
Mage= 44 ± 13.1), 10 had concussion history (2 females; Mage= 38.9 ± 5.8), 5 had 
dementia risk (3 females; Mage= 44.6 ± 10.6) and 4 had both histories (all female; Mage= 
42.5 ± 10.6).  
Regarding activity level, 9 were sedentary (7 females; Mage= 55 ± 10.2), 11 were 
mildly active (5 females; Mage= 35.9 ± 6.3) and 15 were moderately/highly active (5 
females; Mage= 38 ± 6.08). 
In terms of Neuro/Activity status, 5 were in the healthy/sedentary group (4 females; 
Mage= 60.8 ± 4.02), 10 were healthy/active (3 females; Mage= 37.7 ± 7.7), 4 were 
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brain issue/sedentary (3 females; Mage= 47.7 ± 11.5) and 16 were brain issue/ (7 females; 
Mage= 36.7 ± 11.3).  
In a paired T-test, each outcome variable for both V and HR conditions were 
significantly different from each other (p < .002). Thus, on timing and trajectory, all 
participants had more difficulty on the HR condition than the V condition, as expected. 
Neuro/Activity Status 
All of the following results were adjusted for age (see Table 2). Looking at the 
effect of neuro/activity status for all V condition outcomes, between-subjects analysis 
found a difference between neuro/activity status and MTf (F(3,31)= 6.130, p= .002, ηp2= 
.380). A pairwise analysis found that the MTf (see figure 3) for brain issue/active 
participants (Adj. M= 377.04 msecs, SE= 29.44) to be shorter than brain issue/sedentary 
(p= .002; Adj. M= 643.70 msecs, SE= 57.54). Hence, those participants with sedentary 
lifestyles having dementia risk and/or concussion history demonstrated significantly 
slower movement times compared to those with more active lifestyles, on the basic eye-
hand movement task.      
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Figure 3: The full movement time (msec) (the length of the trajectory from onset to endpoint) means for neuro/activity 
groups; controlled for age. *p < 0.05. Error bars represent standard error of the mean; adjusted means displayed. 
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The effect of neuro/activity status for all HR condition outcomes, between-
subjects analysis (Sidak, parametric) found significance between status and MTb 
(F(3,30)= 4.53, p= .010, ηp2= .312). In a pairwise analysis, MTb in brain health 
issue/active participants (Adj M= 672.57 msecs, SE= 57.87 msecs) was significantly 
shorter (p= .009, see figure 4) than healthy/active ones (Adj M= 968.47 msecs, SE= 
113.12 msecs). Using an ANCOVA log function for skewed V/HR outcomes, there was 
no significance (p> .05) between neuro/activity status and V/HR outcomes. Hence, 
participants who are active with brain health issues performed shorter ballistic movement 
times toward a peripheral target compared to active, healthy participants.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
29 
 
 
 
 
 
 
 
 
Figure 4: Ballistic movement time (msec) (the length of the trajectory from onset to endpoint) means for 
neuro/activity groups; controlled for age. *p < 0.05. Error bars represent standard error of the mean; adjusted means 
displayed. 
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Activity Level 
For effect of activity level for all V condition outcomes, between-subjects 
(parametric, Sidak) analysis found Activity score significant for MTb (F(2,31)= 4.23, p= 
.024, ηp2= .215), MTf (F(2,31)= 5.42, p= .010, ηp2= .259), and PLb (F(2,31)= 3.90, p= 
.031, ηp2= .201). Pairwise analysis found that MTb in sedentary participants (Adj. M= 
574.26 msecs, SE= 49.43 msecs) was longer (p= .021) than moderately/highly active 
participants (Adj. M= 388.70 msecs, SE= 31.38 msecs). For MTf (see figure 5), 
Sedentary participants (Adj. M= 618.08 msecs, SE= 52.16 msecs) were slower than 
mildly active (p= .026) (Adj M= 422. 57 msecs, SE= 37.76 msecs) and 
moderately/highly active (p= .008) (Adj. M= 396.53 msecs, SE= 33.11 msecs) 
participants. PLb did not survive pairwise analysis. Using an ANCOVA log function for 
skewed V outcomes found no significance (p> .05) between activity level and V 
outcomes. Thus, sedentary participants had longer ballistic movement times and slower 
full movement times toward peripheral targets than mildly and moderately/highly active 
participants.   
For effect of activity level for all HR condition outcomes, between-subjects (parametric, 
Sidak) analysis found no significance between activity level and any outcome (p> .05). 
Using an ANCOVA log function for skewed HR outcomes (see figure 5), MTf was 
significantly slower for mildly active participants (Adj. M= 1315.96 msecs, SE= 134.97 
msecs) (p= .018; Overall: Wald Chi-Square= 8.73, df= 2, p= .013) versus 
moderately/highly active participants (Adj. M= 878.86 msecs, SE= 83.41). Thus, those 
who were considered mildly active had slower movement times toward peripheral targets 
than those considered to be moderately/highly active, whom which had quicker 
movement times.    
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Figure 5: The full movement time (msec) (the length of the trajectory from onset to endpoint) means for activity level 
groups; controlled for age. *p < 0.05. Error bars represent standard error of the mean; adjusted means displayed. 
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Neurological Status 
For effect of neurological status for all V condition outcomes, between-subjects 
(parametric, Sidak) analysis found no significant differences (p> .05) between status and 
V outcomes.   
For effect of neurological status for all HR condition outcomes, between-
subjects (parametric, Sidak) analysis found neurological status is significant with PLb 
(F(3,35)= 4.29, p= .012, ηp2= .301). In a pairwise analysis (see figure 6), CDHX (Adj. 
M= 45.60 mm, SE= 1.53 mm) participant’s PLb was significantly shorter than in healthy 
(p= .008; Adj. M= 51.62 mm, SE= .76 mm) and CHX participants (p= .031; Adj. M= 
51.09 mm, SE= .984 mm). Hence, those with both histories (CDHX) had shorter ballistic 
trajectories toward peripheral targets than healthy and concussed (CHX) participants. A 
Levene’s test revealed that only the variances between healthy and CDHX PLb means 
are significant (F(1,18)= 8.44, p= .009). Thus, the CDHX group (SD= 5.43) had more 
variation than healthy participants (SD= 2.96). 
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Figure 6: The ballistic path length (mm) (the length of the trajectory from onset to first stopping point) means for 
neurological status groups; controlled for age. *p < 0.05. Error bars represent standard error of the mean; adjusted 
means displayed. 
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Table 1: Demographic data of participants in each group 
Group N, n Age 
(M ± SD) 
Sex 
(Female, 
male) 
 
Neuro/Activity 
Status 
N= 35 
Healthy/sedentary, n= 5 
Healthy/active, n= 10 
Brain issue/sedentary, n= 4 
Brain issue/active, n= 16 
 
60.8 ± 4.02 
37.7 ± 7.7 
47.7 ± 11.5 
36.7 ± 11.3 
 
4, 1 
3, 7 
3, 1 
7, 9 
 
Activity 
 Level 
N= 35 
Sedentary, n= 9 
Mildly active, n= 11 
Moderately/Highly active, n= 15 
 
55 ± 10.2 
35.9 ± 6.3 
38 ± 6.08 
 
7, 2 
5, 6 
5, 10 
 
Neurological  
Status 
N= 35 
Healthy, n= 16 
CHX, n= 10 
DHX, n= 5 
CDHX, n= 4 
 
42.4 ± 10.7 
38.9 ± 5.8 
44.6 ± 10.6 
42.5 ± 10.6 
 
8, 8 
2, 8 
3, 2 
4, 0 
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Table 2: Between-Subjects Analysis 
 
 
 
 
 
 
 
 
Outcome Variable Activity Level 
(V / HR) 
Neurological 
Status 
(V / HR) 
Neuro/activity 
status 
(V / HR) 
Ballistic  
Movement Time 
(MTb) 
 
*p= .024 / *p= .46 
 
*p= .35 / *p=. 25 
 
*p= .077 / *p= .010 
Full  
Movement Time 
(MTf) 
 
*p= .010 / †p= .013  
 
*p= .35 / †p= .40 
 
*p= .002 / †p= .46 
Ballistic  
Pathlength 
(PLb) 
 
*p= .031 / *p= .19 
 
*p= .74 / *p= .012 
 
*p= .63 / *p= .10 
P-values for multivariate between-subjects analysis (α= .05). V; vertical condition, HR; horizontal-
rotated condition. *Asterisks denote parametric MANCOVA analysis.  †Crosses denote non-parametric 
log-function ANCOVA. Significant values are bolded. 
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Discussion 
 In this study, we wanted to elucidate the effects of concussion history and 
dementia (familial history) risk on CMI performance; we wished to observe if having 
both histories exacerbated CMI decline relative to healthy, CHX and DHX participants. 
We also wished to see if physical activity can mitigate CMI decline in those with brain 
health issues relative to those without issues. Importantly, we wished to, for the first time 
in our laboratory, look at cognitive-motor integration performance and brain health in the 
under-studied working age population. Using a dual-screen device, an eye-hand 
coordination (visuo-motor transformation) task was used to assess CMI ability in two 
conditions: vertical (V) and horizontal-rotated. A paired t-test of all V and HR outcomes 
showed that participants all struggled through the HR condition (see figure 7). This was 
to be expected as we have found in our lab numerous times with youth and older adults; a 
task that requires CMI (decoupling) will tax the fronto-parietal network more than a task 
where one’s gaze and hand are closely coupled (Dalecki et al., 2016; K. M. Hawkins & 
Sergio, 2014; Hurtubise et al., 2016; Tippett, Sergio, & Black, 2012). Thus, this supports 
our first hypothesis of middle-aged participants performing poorly in a CMI task similar 
to that observed for concussed youth and dementia-risk seniors in previous studies. 
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Figure 7: Finger path data of a participant with an Active lifestyle with no brain health issues (LEFT) and a participant 
with a sedentary lifestyle with brain health issue(s) (RIGHT). Green lines represent the path taken by the finger sliding 
on the touchscreen from a central to peripheral targets (purple circles). Red and blue dots show start and end points, 
respectively. The blue circle denotes the 95% CI for the endpoints. Note the poorer performance in condition HR 
compared to V for both subjects, and the poorer performance in HR of the participant who is sedentary with a history 
of brain health issue(s). 
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If we look at the data from the neuro/activity status groups, we see something 
interesting. In the V condition requiring only direct interaction, brain issue/active 
participants performed better than brain issue/sedentary participants. When engaging in a 
task that couples one’s gaze and hand, it seems that those with have concussion and/or 
dementia risk and active can reach the target faster (MTf) than those with brain health 
issues and sedentary. Although not directly related to our hypothesis, brain issue/active 
participants appear to have a robust “default motor skill network” and are efficiently 
quicker in standard visual-motor mappings (Balser et al., 2014; D. Gorbet & Sergio, 
2016; Guo et al., 2017) compared to their sedentary counterparts. But in the HR 
condition, compared to healthy/active participants, brain issue/active participants 
demonstrated shorter initial ballistic movement times (MTb). If we compare the ballistic 
data (MTb) to their respective full movement times (MTf), we see that the ballistic times 
for the healthy/active group covers 77.01% of their full movement time (MTf) whereas 
the brain issue/active group’s covers only 66.28% of their total movement time. If MTb 
are equal to or is close to MTf times, then little corrections were done by participants, but 
if not, we assume that more correction were done to reach peripheral targets. Thus, the 
brain issue/active group needed stop earlier in their trajectory to make a correction 
compared to the healthy/active participants (i.e. cursor movement of off at an angle when 
reaching for the peripheral target; trajectory was not a straight line). Therefore, it seems 
although these individuals have a preserved default network, they have difficulty with 
CMI tasks since the fronto-parietal network is more burdened while having their brains 
inflicted with concussions and/or dementia risk, making them more vulnerable to CMI 
declines. It appears there are interactions between neurological status/history and 
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physical activity were being physically active may preserve brain functioning in standard 
visuomotor tasks. While we observed a trend towards worse CMI performance in 
sedentary versus active individuals overall, more data are needed to confirm this 
relationship.  To parallel this with youth, both healthy-active and concussed-active 
participants perform at the same level during the vertical condition (standard) but the 
concussed adolescents have longer reaction and movement times (J.A. Brown, Dalecki, 
Hughes, Macpherson, & Sergio, 2015). Also, concussed athletes having a higher level of 
physical fitness had fewer impairments in CMI performance compared to concussed 
athletes who were less skilled (Sergio et al., 2017). So, it could be that activity level may 
be protective with regards to concussion but in our sample here we do not see this effect 
when we group activity level and neurological status together; possibly due to having age 
as a covariate.      
Directing to the effects of activity level alone as a main effect, we see that 
sedentary participants (in the V condition) made longer ballistic movement times (MTb) 
than mildly and moderately/highly active. However, the ballistic movement times of 
sedentary participants take up 92.9% of their full movement times. Whereas for mildly 
and moderately/highly active participants are 97.1% and 98.02% respectively. This could 
mean that sedentary individuals had more earlier corrections along their path compared to 
active individuals which complements the notion that active people and athletes are 
skilled at eye-hand coordination (C. Del Percio et al., 2011; C. Del Percio et al., 2009). In 
addition, sedentary participants reached the peripheral targets slower than the active 
groups (MTf); this also complements the notion that active individuals and athletes make 
faster movements (C. Del Percio et al., 2009). In the HR condition, we see that mildly 
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active participants are slower to reach for peripheral targets than moderately/highly active 
participants. Being more active seems to suggest that higher level of physical fitness may 
be associated with a more robust fronto-parietal network than those who exercise a 
couple times a week (C. Del Percio et al., 2011; Guo et al., 2017; C. Del Percio et al., 
2009). Thus, physical activity may be associated with better standard and CMI (non-
standard) performance.  
Focusing finally on neurological status, we see that those with both concussion 
and dementia-risk histories (CDHX) have shorter ballistic trajectories (PLb) than those 
with no histories (Healthy) and those with concussion (CHX). The CDHX group made 
trajectories that were off from a perfect 180º trajectory to the targets, which prompted 
their peak velocity to drop below 10%, signaling a correction in their trajectory; they had 
to slow down in order to make a correction. In addition, the PLb was 73.47% of the full 
pathlength for CDHX participants whereas in healthy and concussion history participants 
it was 91.2% and 90.11% respectively. Being affected by both histories may in fact affect 
certain nodes of the fronto-parietal-cerebellar network responsible for planning, 
execution, error correction and, coordination (i.e. cerebellum, premotor cortex, posterior 
parietal cortex) (Balser et al., 2014). Dementia is well documented to affect the fronto-
parietal network (Buchman & Bennett, 2011, M.F. Ghilardi et al., 2000; M.F. Ghilardi et 
al., 1999, K.M. Hawkins & Sergio, 2016; K. M. Hawkins & Sergio, 2016; K.M Hawkins 
& Sergio, 2014). It has been shown that having the APOE e4 allele and a history of 
concussion(s) can drastically increase the risk of developing dementia with age (Jordan et 
al., 1997; Lawrence, Comper, Hutchison, & Sharma, 2015; Luukinen et al., 2008; C. 
Smith, Graham, Murray, Stewart, & Nicoll, 2006; Wang et al., 2012). Thus, this supports 
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our hypothesis as there appears to be an additive effect of histories and CMI 
performance; if one has both histories they may have issues with planning and error 
detection of movements. Hawkins & Sergio (2014) found that older adults with 
Alzheimer’s risk believed trajectory deviations may stem from a disrupted fronto-parietal 
network where internal feedback loops, required to update hand position and target are 
affected; eye-hand coordination is indeed compromised. We also suggest that there may 
be dysfunctions with feedforward mechanisms.  
It is worth noting however, that all participants in the CDHX group are active. 
With data of concussed youth and data from mild cognitively impaired older adults, we 
can infer that middle-aged participants with both histories will have exacerbated CMI 
declines with regards to pathlength trajectory even if they are considered active.  
The variance of ballistic pathlengths for the CDHX group compared to the healthy 
group was significantly higher. Thus, we believe that this larger variance may be 
indicative of neurological noise in the fronto-parietal network. The reason that the CDHX 
group has more noise compared to the healthy group may be because if one’s brain has 
been exposed to some sort of insult or predisposition (i.e. concussion and dementia 
history) then these areas are disrupted and perform poorly in CMI tasks (W.J. Tippett et 
al., 2013). We typically do not see large variances for the vertical, standard task because 
we know that the fronto-parietal network for basic eye-hand coordination is minimally 
taxed.   
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Limitations 
Limitations include a small sample size, we believe a larger sample will reflect 
the population more accurately. We also had low power to observe any sex differences. 
We know that CMI networks in females brains are different than male brains (D.J. 
Gorbet & Sergio, 2016) and we wished to observe those differences behaviorally in this 
population. Not having age-matched groups may have affected our results due to having 
certain groups older than others (see Table 1). Lastly, we believe there may be biases 
based on self-reported data. Since the predicator variables are based on a subjective 
questionnaire where the experimenter was blinded to the responses, it was difficult to 
assess their authenticity. For our future work, will examine neural network integrity in 
working-aged adults with brain health issues. 
Conclusions 
CMI assessment may be sensitive enough to detect neurological effects or 
dementia risk and concussion history, although it is not specific to concussions and 
dementia risk (W.J. Tippett et al., 2013). We believe assessing CMI performance is 
important in detecting these deficiencies since standard visuomotor tasks do not display 
deficits in fronto-parietal-cerebellar network whereas non-standard tasks do. To date 
there has not been a lot of research on functional performance in working-aged adults 
affected by mild brain injury, dementia risk, or both. In this preliminary analysis, we did 
see interactions between brain health and physical activity as well as observing effects of 
physical activity and brain health separately. These data suggest that having both 
concussion and dementia risk may affect rule-based skilled performance in an additive 
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fashion in middle-aged individuals. As well, an active lifestyle rather than a sedentary 
one may be protective against the effects of brain health issues on basic and complex 
skilled motor performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
References 
 
Altman, D. G. ., & Bland, J. M. (1996). Detecting Skewness From Summary 
Information. Bland Source: BMJ: British Medical Journal, 31363180(9). Retrieved 
from http://www.jstor.org/stable/29733437 
Araújo, C. G. S., & Scharhag, J. (2016). Athlete: a working definition for medical and 
health sciences research. Scandinavian Journal of Medicine & Science in Sports, 
26(1), 4–7. https://doi.org/10.1111/sms.12632 
Atkinson, J., & Braddick, O. (2011). From genes to brain development to phenotypic 
behavior. “Dorsal-stream vulnerability” in relation to spatial cognition, 
attention, and planning of actions in Williams syndrome (WS) and other 
developmental disorders. Progress in Brain Research, 189, 261–283. 
https://doi.org/10.1016/B978-0-444-53884-0.00029-4 
Balser, N., Lorey, B., Pilgramm, S., Stark, R., Bischoff, M., Zentgraf, K., … Munzert, J. 
(2014). Prediction of human actions: Expertise and task-related effects on 
neural activation of the action observation network. Human Brain Mapping, 
35(8), 4016–4034. https://doi.org/10.1002/hbm.22455 
Blangero, A., Menz, M. M., McNamara, A., & Binkofski, F. (2009). Parietal modules for 
reaching. Neuropsychologia, 47(6), 1500–1507. 
https://doi.org/10.1016/j.neuropsychologia.2008.11.030 
Boraxbekk, C. J., Salami, A., Wåhlin, A., & Nyberg, L. (2016). Physical activity over a 
decade modifies age-related decline in perfusion, gray matter volume, and 
functional connectivity of the posterior default-mode network-A multimodal 
approach. NeuroImage, 131, 133–141. 
https://doi.org/10.1016/j.neuroimage.2015.12.010 
Brichtová, E., & Kozák, L. (2008). Apolipoprotein E genotype and traumatic brain 
injury in children--association with neurological outcome. Child’s Nervous 
System : ChNS : Official Journal of the International Society for Pediatric 
Neurosurgery, 24(3), 349–356. https://doi.org/10.1007/s00381-007-0459-6 
Brown, D. A., Elsass, J. A., Miller, A. J., Reed, L. E., & Reneker, J. C. (2015). Differences 
in Symptom Reporting Between Males and Females at Baseline and After a 
Sports-Related Concussion: A Systematic Review and Meta-Analysis. Sports 
Medicine. https://doi.org/10.1007/s40279-015-0335-6 
Brown, J. A., Dalecki, M., Hughes, C., Macpherson, A. K., & Sergio, L. E. (2015). 
Cognitive-motor integration deficits in young adult athletes following 
concussion. BMC Sports Science, Medicine and Rehabilitation, 7(1), 25. 
https://doi.org/10.1186/s13102-015-0019-4 
Brown, J. A., Dalecki, M., Hughes, C., Macpherson, A. K., & Sergio, L. E. (2015). 
Cognitive-motor integration deficits in young adult athletes following 
concussion. BMC Sports Science, Medicine and Rehabilitation. 
https://doi.org/10.1186/s13102-015-0019-4 
Buchman, A. S., & Bennett, D. A. (2011). Loss of motor function in preclinical 
Alzheimer ’ s disease. Expert Rev Neurother., 11(5), 665–676. 
https://doi.org/10.1586/ern.11.57.Loss 
Burdette, J. H., Laurienti, P. J., Espeland, M. A., Morgan, A., Telesford, Q., Vechlekar, C. 
D., … Rejeski, W. J. (2010). Using network science to evaluate exercise-
associated brain changes in older adults. Frontiers in Aging Neuroscience, 
2(JUN), 23. https://doi.org/10.3389/fnagi.2010.00023 
Burzynska, A. Z., Chaddock-Heyman, L., Voss, M. W., Wong, C. N., Gothe, N. P., Olson, 
45 
 
E. A., … Kramer, A. F. (2014). Physical activity and cardiorespiratory fitness are 
beneficial for white matter in low-fit older adults. PLoS ONE, 9(9), e107413. 
https://doi.org/10.1371/journal.pone.0107413 
Caspersen, C. J., Powell, K. E., & Christenson, G. M. (1985a). Physical activity, 
exercise, and physical fitness: definitions and distinctions for health-related 
research. Public Health Reports, 100(2), 126–131. 
https://doi.org/10.2307/20056429 
Caspersen, C. J., Powell, K. E., & Christenson, G. M. (1985b). Physical activity, 
exercise, and physical fitness: definitions and distinctions for health-related 
research. Public Health Reports, 100(2), 126–131. 
https://doi.org/10.2307/20056429 
Cerejeira, J., Lagarto, L., & Mukaetova-Ladinska, E. B. (2012). Behavioral and 
psychological symptoms of dementia. Frontiers in Neurology. 
https://doi.org/10.3389/fneur.2012.00073 
Chaddock-Heyman, L., Erickson, K. I., Holtrop, J. L., Voss, M. W., Pontifex, M. B., Raine, 
L. B., … Kramer, A. F. (2014). Aerobic fitness is associated with greater white 
matter integrity in children. Frontiers in Human Neuroscience, 8, 584. 
https://doi.org/10.3389/fnhum.2014.00584 
Chaddock, L., Erickson, K. I., Prakash, R. S., Kim, J. S., Voss, M. W., Vanpatter, M., … 
Kramer, A. F. (2010). A neuroimaging investigation of the association between 
aerobic fitness, hippocampal volume, and memory performance in 
preadolescent children. Brain Research, 1358, 172–183. 
https://doi.org/10.1016/j.brainres.2010.08.049 
Chaddock, L., Erickson, K. I., Prakash, R. S., Vanpatter, M., Voss, M. W., Pontifex, M. B., 
… Kramer, A. F. (2010). Basal ganglia volume is associated with aerobic fitness 
in preadolescent children. Developmental Neuroscience, 32(3), 249–256. 
https://doi.org/10.1159/000316648 
Cordo, P. J., & Flanders, M. (1989). Sensory control of target acquisition. Trends in 
Neurosciences, 12(3), 110–117. 
Crawford, J. D., Medendorp, W. P., & Marotta, J. J. (2004). Spatial transformations for 
eye-hand coordination. Journal of Neurophysiology, 92(1), 10–19. 
https://doi.org/10.1152/jn.00117.2004 
Dalecki, M., Albines, D., Macpherson, A., & Sergio, L. E. (2016). Prolonged cognitive–
motor impairments in children and adolescents with a history of concussion. 
Concussion, (3), CNC14. https://doi.org/10.2217/cnc-2016-0001 
Del Percio, C., Iacoboni, M., Lizio, R., Marzano, N., Infarinato, F., Vecchio, F., … 
Babiloni, C. (2011). Functional coupling of parietal alpha rhythms is enhanced 
in athletes before visuomotor performance: A coherence 
electroencephalographic study. Neuroscience, 175, 198–211. 
https://doi.org/10.1016/j.neuroscience.2010.11.031 
Desmurget, M., & Grafton, S. (2000, November 1). Forward modeling allows 
feedback control for fast reaching movements. Trends in Cognitive Sciences. 
Elsevier Current Trends. https://doi.org/10.1016/S1364-6613(00)01537-0 
Erickson, K. I., Hillman, C. H., & Kramer, A. F. (2015, August 1). Physical activity, 
brain, and cognition. Current Opinion in Behavioral Sciences. Elsevier. 
https://doi.org/10.1016/j.cobeha.2015.01.005 
Erickson, K. I., Raji, C. A., Lopez, O. L., Becker, J. T., Rosano, C., Newman, A. B., … 
Kuller, L. H. (2010). Physical activity predicts gray matter volume in late 
adulthood: The Cardiovascular Health Study. Neurology, 75(16), 1415–1422. 
46 
 
https://doi.org/10.1212/WNL.0b013e3181f88359 
Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., … 
Kramer, A. F. (2011). Exercise training increases size of hippocampus and 
improves memory. Proceedings of the National Academy of Sciences, 108(7), 
3017–3022. https://doi.org/10.1073/pnas.1015950108 
Farrer, L. a, Cupples, L. A., Haines, J. L., Hyman, B. T., Kukull, W. A., Mayeux, R., … van 
Duijn, C. M. (1997). Effects of Age, Sex, and Ethnicity on the Association 
Between Apolipoprotein E Genotype and Alzheimer Disease. Jama, 278(16), 
1349–1356. https://doi.org/10.1001/jama.1997.03550160069041 
Gauthier, S., Reisberg, B., Zaudig, M., Petersen, R. C., Ritchie, K., Broich, K., … Winblad, 
B. (2006, April 15). Mild cognitive impairment. Lancet. Elsevier. 
https://doi.org/10.1016/S0140-6736(06)68542-5 
Ghilardi, M. F., Alberoni, M., Marelli, S., Rossi, M., Franceschi, M., Ghez, C., & Fazio, F. 
(1999). Impaired movement control in Alzheimer’s disease. Neuroscience 
Letters, 260(1), 45–48. https://doi.org/10.1016/S0304-3940(98)00957-4 
Ghilardi, M. F., Alberoni, M., Rossi, M., Franceschi, M., Mariani, C., & Fazio, F. (2000). 
Visual feedback has differential effects on reaching movements in Parkinson’s 
and Alzheimer’s disease. Brain Research, 876(1–2), 112–123. 
https://doi.org/10.1016/S0006-8993(00)02635-4 
Gons, R. A. R., Tuladhar, A. M., De Laat, K. F., Van Norden, A. G. W., Van Dijk, E. J., 
Norris, D. G., … De Leeuw, F. E. (2013). Physical activity is related to the 
structural integrity of cerebral white matter. Neurology, 81(11), 971–976. 
https://doi.org/10.1212/WNL.0b013e3182a43e33 
Gorbet, D. J., & Sergio, L. E. (2009). The behavioural consequences of dissociating the 
spatial directions of eye and arm movements. Brain Research, 1284, 77–88. 
https://doi.org/10.1016/j.brainres.2009.05.057 
Gorbet, D. J., & Sergio, L. E. (2016). Don’t watch where you’re going: The neural 
correlates of decoupling eye and arm movements. Behavioural Brain Research, 
298. https://doi.org/10.1016/j.bbr.2015.11.012 
Gorbet, D. J., & Sergio, L. E. (2016). Don ’ t watch where you ’ re going : The neural 
correlates of decoupling eye and arm movements. Behavioural Brain Research, 
298, 229–240. https://doi.org/10.1016/j.bbr.2015.11.012 
Gorbet, D. J., Staines, W. R., & Sergio, L. E. (2004). Brain mechanisms for preparing 
increasingly complex sensory to motor transformations. NeuroImage, 23(3), 
1100–1111. https://doi.org/10.1016/j.neuroimage.2004.07.043 
Gorbet, D. J., Vesia, M., & Sergio, L. E. (2003). Brain mechanisms for performing 
increasingly indirect visuomotor transformations: An fMRI study. 
Soc.Neurosci.Abstr., 29, 823.18. 
Gorbet, D., & Sergio, L. (2016). Don’t watch where you’re going: The neural 
correlates of decoupling eye and arm movements. Behavioural Brain Research, 
298, 229–240. 
Gow, A. J., Bastin, M. E., Maniega, S. M., Hernández, M. C. V., Morris, Z., Murray, C., … 
Wardlaw, J. M. (2012). Neuroprotective lifestyles and the aging brain: Activity, 
atrophy, and white matter integrity. Neurology, 79(17), 1802–1808. 
https://doi.org/10.1212/WNL.0b013e3182703fd2 
Graham, D. I., Horsburgh, K., Nicoll, J. A. R., & Teasdale, G. M. (1999). Apolipoprotein 
E and the response of the brain to injury. Current Progress in the Understanding 
of Secondary Brain Damage from Trauma and Ischemia, 73, 89–92. 
https://doi.org/10.1007/978-3-7091-6391-7_15 
47 
 
Granek, J. A., & Sergio, L. E. (2015). Evidence for distinct brain networks in the 
control of rule-based motor behavior. Journal of Neurophysiology, 
jn.00233.2014. https://doi.org/10.1152/jn.00233.2014 
Guo, Z., Li, A., & Yu, L. (2017). “Neural Efficiency” of Athletes’ Brain during Visuo-
Spatial Task: An fMRI Study on Table Tennis Players. Frontiers in Behavioral 
Neuroscience, 11. https://doi.org/10.3389/fnbeh.2017.00072 
Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Cantu, R. C., Randolph, C., & 
Jordan, B. D. (2005). Association between recurrent concussion and late-life 
cognitive impairment in retired professional football players. Neurosurgery, 
57(4), 719–726. 
Hawkins, K. M., Goyal, A. I., & Sergio, L. E. (2015). Diffusion tensor imaging correlates 
of cognitive-motor decline in normal aging and increased Alzheimer’s disease 
risk. Journal of Alzheimer’s Disease, 44(3). https://doi.org/10.3233/JAD-
142079 
Hawkins, K. M., Goyal, A. I., & Sergio, L. E. (2015). Diffusion tensor imaging correlates 
of cognitive-motor decline in normal aging and increased Alzheimer’s disease 
risk. Journal of Alzheimer’s Disease, 44(3), 867–878. 
https://doi.org/10.3233/JAD-142079 
Hawkins, K. M., Sayegh, P., Yan, X., Crawford, J. D., & Sergio, L. E. (2012). Neural 
activity in superior parietal cortex during rule-based visual-motor 
transformations. J. Cog. Neurosci, (in press). 
Hawkins, K. M., Sayegh, P., Yan, X., Crawford, J. D., & Sergio, L. E. (2013). Neural 
actvity in superior parietal cortex during rule-based visual-motor 
transformations. Journal of Cognitive Neuroscience, 25(3), 436–454. 
https://doi.org/10.1162/jocn_a_00318 
Hawkins, K. M., & Sergio, L. E. (2014). Visuomotor impairments in older adults at 
increased Alzheimer’s disease risk. Journal of Alzheimer’s Disease : JAD, 42(2), 
607–621. https://doi.org/10.3233/JAD-140051 
Hawkins, K. M., & Sergio, L. E. (2016). Adults at increased Alzheimer’s disease risk 
display cognitive-motor integration impairment associated with changes in 
resting-state functional connectivity: A preliminary study. Journal of 
Alzheimer’s Disease, 53(3), 1161–1172. https://doi.org/10.3233/JAD-151137 
Hawkins, K. M., & Sergio, L. E. (2016). Adults at Increased Alzheimer’s Disease Risk 
Display Cognitive-Motor Integration Impairment Associated with Changes in 
Resting-State Functional Connectivity: A Preliminary Study. Journal of 
Alzheimer’s Disease, 53(3). https://doi.org/10.3233/JAD-151137 
Henriques, D. Y., Klier, E. M., Smith, M. A., Lowy, D., & Crawford, J. D. (1998). Gaze-
centered remapping of remembered visual space in an open-loop pointing task. 
J Neurosci, 18(4), 1583–1594. Retrieved from 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&
dopt=Citation&list_uids=9454863 
Henriques, D. Y., Medendorp, W. P., Khan, A. Z., & Crawford, J. D. (2002). Visuomotor 
transformations for eye-hand coordination. Prog Brain Res, 140, 329–340. 
Retrieved from 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&
dopt=Citation&list_uids=12508600 
Honea, R. A., Swerdlow, R. H., Vidoni, E. D., Goodwin, J., & Burns, J. M. (2010). 
Reduced gray matter volume in normal adults with a maternal family history of 
Alzheimer disease. Neurology, 74(2), 113–120. 
48 
 
https://doi.org/10.1212/WNL.0b013e3181c918cb 
Hurtubise, J., Gorbet, D., Hamandi, Y., Macpherson, A., & Sergio, L. (2016). The effect 
of concussion history on cognitive-motor integration in elite hockey players. 
Concussion, 1(3), CNC17. https://doi.org/10.2217/cnc-2016-0006 
Hwang, E. J., Hauschild, M., Wilke, M., & Andersen, R. A. (2012). Inactivation of the 
parietal reach region causes optic ataxia, impairing reaches but not saccades. 
Neuron, 76(5), 1021–1029. https://doi.org/10.1016/j.neuron.2012.10.030; 
10.1016/j.neuron.2012.10.030 
John L. Woodard, Michael A. Sugarman, Kristy A. Nielson, J. Carson Smith, Michael 
Seidenberg, Sally Durgerian, … Monica A. Matthews. (2012a). Lifestyle and 
Genetic Contributions to Cognitive Decline and Hippocampal Structure and 
Function in Healthy Aging. Current Alzheimer Research, 9(4), 436–446. 
https://doi.org/10.2174/156720512800492477 
John L. Woodard, Michael A. Sugarman, Kristy A. Nielson, J. Carson Smith, Michael 
Seidenberg, Sally Durgerian, … Monica A. Matthews. (2012b). Lifestyle and 
Genetic Contributions to Cognitive Decline and Hippocampal Structure and 
Function in Healthy Aging. Current Alzheimer Research, 9(4), 436–446. 
https://doi.org/10.2174/156720512800492477 
Jordan, B. D., Relkin, N. R., Ravdin, L. D., Jacobs, A. R., Bennett, A., & Gandy, S. (1997). 
Apolipoprotein E ∈4 Associated With Chronic Traumatic Brain Injury in Boxing. 
JAMA: The Journal of the American Medical Association, 278(2), 136. 
https://doi.org/10.1001/jama.1997.03550020068040 
Kalaria, R. N. (2010). Vascular basis for brain degeneration: Faltering controls and 
risk factors for dementia. Nutrition Reviews, 68(SUPPL. 2), S74–S87. 
https://doi.org/10.1111/j.1753-4887.2010.00352.x 
Karnath, H. O., & Perenin, M. T. (2005). Cortical control of visually guided reaching: 
evidence from patients with optic ataxia. Cereb.Cortex, 15(10), 1561–1569. 
https://doi.org/10.1093/cercor/bhi034 
Keele, S. W. (1981). Behavioral analysis of movement. Handbook of Physiology, 
1391–1414. https://doi.org/10.1002/cphy.cp010231 
Lawrence, D. W., Comper, P., Hutchison, M. G., & Sharma, B. (2015). The role of 
apolipoprotein E episilon (ε)-4 allele on outcome following traumatic brain 
injury: A systematic review. Brain Injury, 29(9), 1018–1031. 
https://doi.org/10.3109/02699052.2015.1005131 
Lindsay, J., Laurin, D., Verreault, R., Hébert, R., Helliwell, B., Hill, G. B., & McDowell, I. 
(2002). Risk factors for Alzheimer’s disease: A prospective analysis from the 
Canadian Study of Health and Aging. American Journal of Epidemiology, 156(5), 
445–453. https://doi.org/10.1093/aje/kwf074 
Lipton, M. L., Kim, N., Zimmerman, M. E., Kim, M., Stewart, W. F., Branch, C. A., & 
Lipton, R. B. (2013). Soccer Heading Is Associated with White Matter 
Microstructural and Cognitive Abnormalities. Radiology, 268(3). 
https://doi.org/10.1148/radiol.13130545 
Luukinen, H., Jokelainen, J., Kervinen, K., Kesäniemi, Y. A., Winqvist, S., & Hillbom, M. 
(2008). Risk of dementia associated with the ApoE ε4 allele and falls causing 
head injury without explicit traumatic brain injury. Acta Neurologica 
Scandinavica, 118(3), 153–158. https://doi.org/10.1111/j.1600-
0404.2008.00994.x 
Mahley, R. W., & Huang, Y. (2012). Apolipoprotein E Sets the Stage: Response to 
Injury Triggers Neuropathology. Neuron. 
49 
 
https://doi.org/10.1016/j.neuron.2012.11.020 
McCrory, P., Meeuwisse, W., Dvorak, J., Aubry, M., Bailes, J., Broglio, S., … Vos, P. E. 
(2017). Consensus statement on concussion in sport—the 5th international 
conference on concussion in sport held in Berlin, October 2016. British Journal 
of Sports Medicine, bjsports-2017-097699. https://doi.org/10.1136/bjsports-
2017-097699 
McKee, A. C., Cantu, R. C., Nowinski, C. J., Hedley-Whyte, E. T., Gavett, B. E., Budson, A. 
E., … Stern, R. A. (2009). Chronic Traumatic Encephalopathy in Athletes: 
Progressive Tauopathy After Repetitive Head Injury. Journal of Neuropathology 
& Experimental Neurology, 68(7), 709–735. 
https://doi.org/10.1097/NEN.0b013e3181a9d503 
McKee, A. C., Daneshvar, D. H., Alvarez, V. E., & Stein, T. D. (2014, January 24). The 
neuropathology of sport. Acta Neuropathologica. Springer Berlin Heidelberg. 
https://doi.org/10.1007/s00401-013-1230-6 
McKee, A. C., & Robinson, M. E. (2014). Military-related traumatic brain injury and 
neurodegeneration. Alzheimer’s and Dementia, 10(3 SUPPL.). 
https://doi.org/10.1016/j.jalz.2014.04.003 
Miller, T. D., Balady, G. J., & Fletcher, G. F. (1997). Exercise and its role in the 
prevention and rehabilitation of cardiovascular disease. Annals of Behavioral 
Medicine : A Publication of the Society of Behavioral Medicine, 19(3), 220–229. 
https://doi.org/10.1007/BF02892287 
Monyeki, M. A., Koppes, L. L. J., Kemper, H. C. G., Monyeki, K. D., Toriola, A. L., Pienaar, 
A. E., & Twisk, J. W. R. (2005). Body composition and physical fitness of 
undernourished South African rural primary school children. European Journal 
of Clinical Nutrition, 59(7), 877–883. https://doi.org/10.1038/sj.ejcn.1602153 
Morris, J. C. (2005). Early-stage and preclinical Alzheimer disease. Alzheimer Disease 
and Associated Disorders, 19(3), 163–165. 
https://doi.org/10.1097/01.wad.0000184005.22611.cc 
Paganini-Hill, A., & Henderson, V. (1994). Estrogen deficiency and risk of 
Alzheimer’s disease in women. American Journal of …, 140(3), 256–261. 
https://doi.org/10.1093/oxfordjournals.aje.a117244 
Pélisson, D., Prablanc, C., Goodale, M. A., & Jeannerod, M. (1986). Visual control of 
reaching movements without vision of the limb - II. Evidence of fast 
unconscious processes correcting the trajectory of the hand to the final position 
of a double-step stimulus. Experimental Brain Research, 62(2), 303–311. 
https://doi.org/10.1007/BF00238849 
Percio, C. Del, Babiloni, C., Bertollo, M., Marzano, N., Iacoboni, M., Infarinato, F., … 
Eusebi, F. (2009). Visuo-attentional and sensorimotor alpha rhythms are 
related to visuo-motor performance in athletes. Human Brain Mapping, 
30(April), 3527–3540. https://doi.org/10.1002/hbm.20776 
Persson, J., Lind, J., Larsson, A., Ingvar, M., Cruts, M., Van Broeckhoven, C., … Nyberg, 
L. (2006). Altered brain white matter integrity in healthy carriers of the APOE 
epsilon 4 allele: A risk for AD? [References]. Neurology, Vol.66(7), 1029–1033. 
https://doi.org/10.1212/01.wnl.0000204180.25361.48 
Petersen, N., Christensen, L. O. D., Morita, H., Sinkjær, T., & Nielsen, J. (1998). 
Evidence that a transcortical pathway contributes to stretch reflexes in the 
tibialis anterior muscle in man. Journal of Physiology, 512(1), 267–276. 
https://doi.org/10.1111/j.1469-7793.1998.267bf.x 
Pisella, L., Sergio, L., Blangero, A., Torchin, H., Vighetto, A., & Rossetti, Y. (2009). 
50 
 
Optic ataxia and the function of the dorsal stream: Contributions to perception 
and action. Neuropsychologia. 
Podewils, L. J., Guallar, E., Kuller, L. H., Fried, L. P., Lopez, O. L., Carlson, M., & 
Lyketsos, C. G. (2005). Physical activity, APOE genotype, and dementia risk: 
Findings from the Cardiovascular Health Cognition Study. American Journal of 
Epidemiology, 161(7), 639–651. https://doi.org/10.1093/aje/kwi092 
Prablanc, C., Echallier, J. F., Komilis, E., & Jeannerod, M. (1979). Optimal response of 
eye and hand motor systems in pointing at a visual target. I. Spatio-temporal 
characteristics of eye and hand movements and their relationships when 
varying the amount of visual information. Biological Cybernetics, 35(2), 113–
124. 
Riedel, B. C., Thompson, P. M., & Brinton, R. D. (2016). Age, APOE and sex: Triad of 
risk of Alzheimer’s disease. Journal of Steroid Biochemistry and Molecular 
Biology. https://doi.org/10.1016/j.jsbmb.2016.03.012 
Robillard, A. (2007). Clinical diagnosis of dementia. Alzheimer’s & Dementia, 3(4), 
292–298. https://doi.org/10.1016/j.jalz.2007.08.002 
Roses, A. D. (1996). Apolipoprotein E alleles as risk factors in Alzheimer’s disease. 
Annual Review of Medicine, 47(4), 387–400. 
https://doi.org/10.1146/annurev.med.47.1.387 
Sabes, P. N. (2000). The planning and control of reaching movements. Curr Opin 
Neurobiol, 10(6), 740–746. Retrieved from 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&
dopt=Citation&list_uids=11240283 
Salek, Y., Anderson, N., & Sergio, L. (2011). Mild Cognitive Impairment Is Associated 
with Impaired Visual-Motor Planning When Visual Stimuli and Actions Are 
Incongruent. European Neurology, 66(5), 283–293. 
Saunders, A. M., Strittmatter, W. J., Schmechel, D., George-Hyslop, P. H., Pericak-
Vance, M. A., Joo, S. H., … Alberts, M. J. (1993). Association of apolipoprotein E 
allele ε 4 with late-onset familial and sporadic Alzheimer’s disease. Neurology, 
43(8), 1467–1472. Retrieved from 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&
dopt=Citation&list_uids=8350998 
Sayegh, P. F., Gorbet, D. J., Hawkins, K. M., Hoffman, K. L., & Sergio, L. E. (2017). The 
Contribution of Different Cortical Regions to the Control of Spatially Decoupled 
Eye–Hand Coordination. Journal of Cognitive Neuroscience, 29(7), 1194–1211. 
https://doi.org/10.1162/jocn_a_01111 
Scheltens, P., Blennow, K., Breteler, M. M. B., de Strooper, B., Frisoni, G. B., Salloway, 
S., & Van der Flier, W. M. (2016). Alzheimer’s disease. The Lancet, 6736(15), 1–
13. https://doi.org/10.1016/S0140-6736(15)01124-1 
Scherberger, H., Goodale, M. A., & Andersen, R. A. (2003). Target selection for 
reaching and saccades share a similar behavioral reference frame in the 
macaque. Journal of Neurophysiology, 89(3), 1456–1466. 
https://doi.org/10.1152/jn.00883.2002 
Sergio, L. E., Dalecki, M., Hurtubise, J., Brown, J., Gorbet, D., Hughes, C., & 
Macpherson, A. (2017). Measuring cognitive-motor integration to detect 
prolonged performance declines post-concussion. Br J Sports Med, 51(11), A41–
A41. https://doi.org/10.1136/bjsports-2016-097270.105 
Signoretti, S., Lazzarino, G., Tavazzi, B., Vagnozzi, R., Bruns, J., Hauser, W. A., … Shaw, 
N. A. (2011). The pathophysiology of concussion. PM & R : The Journal of Injury, 
51 
 
Function, and Rehabilitation, 3(10 Suppl 2), S359-68. 
https://doi.org/10.1016/j.pmrj.2011.07.018 
Smith, C., Graham, D. I., Murray, L. S., Stewart, J., & Nicoll, J. A. R. (2006). Association 
of APOE e4 and cerebrovascular pathology in traumatic brain injury. Journal of 
Neurology, Neurosurgery and Psychiatry, 77(3), 363–366. 
https://doi.org/10.1136/jnnp.2005.074617 
Smith, J. C., Nielson, K. A., Woodard, J. L., Seidenberg, M., Durgerian, S., Antuono, P., … 
Rao, S. M. (2011). Interactive effects of physical activity and APOE-ε4 on BOLD 
semantic memory activation in healthy elders. NeuroImage, 54(1), 635–644. 
https://doi.org/10.1016/j.neuroimage.2010.07.070 
Smith, J. C., Nielson, K. A., Woodard, J. L., Seidenberg, M., Durgerian, S., Hazlett, K. E., 
… Rao, S. M. (2014). Physical activity reduces hippocampal atrophy in elders at 
genetic risk for Alzheimer’s disease. Frontiers in Aging Neuroscience, 6(APR), 
61. https://doi.org/10.3389/fnagi.2014.00061 
Snyder, L. H., Batista, A. P., & Andersen, R. A. (2000). Intention-related activity in the 
posterior parietal cortex: a review. Vision Research, 40(10–12), 1433–1441. 
Sussman, D., da Costa, L., Chakravarty, M. M., Pang, E. W., Taylor, M. J., & Dunkley, B. 
T. (2017). Concussion induces focal and widespread neuromorphological 
changes. Neuroscience Letters, 650, 52–59. 
https://doi.org/10.1016/j.neulet.2017.04.026 
Tang, M. X., Jacobs, D., Stern, Y., Marder, K., Schofieid, P., Garland, B., … Mayeux, R. 
(1996). Effect of oestrogen during menopause on risk and age at onset of 
Alzheimer’s disease. Lancet, 348(9025), 429–432. 
https://doi.org/10.1016/S0140-6736(96)03356-9 
Tippett, W. J., Alexander, L. D., Rizkalla, M. N., Sergio, L. E., & Black, S. E. (2013). True 
functional ability of chronic stroke patients. Journal of Neuroengineering and 
Rehabilitation, 10. https://doi.org/10.1186/1743-0003-10-20 
Tippett, W. J., & Sergio, L. E. (2006). Visuomotor integration is impaired in early 
stage Alzheimer’s disease. Brain Research, 1102(1), 92–102. 
https://doi.org/10.1016/j.brainres.2006.04.049 
Tippett, W. J., Sergio, L. E., & Black, S. E. (2012). Compromised visually guided motor 
control in individuals with Alzheimer’s disease: Can reliable distinctions be 
observed? Journal of Clinical Neuroscience, 19(5), 655–660. 
https://doi.org/10.1016/j.jocn.2011.09.013 
Tseng, B. Y., Gundapuneedi, T., Khan, M. A., Diaz-Arrastia, R., Levine, B. D., Lu, H., … 
Zhang, R. (2013). White matter integrity in physically fit older adults. 
NeuroImage, 82, 510–516. https://doi.org/10.1016/j.neuroimage.2013.06.011 
Vaara, J. P., Kyröläinen, H., Niemi, J., Ohrankämmen, O., Häkkinen, A., Kocay, S., & 
Häkkinen, K. (2012). Associations of Maximal Strength and Muscular 
Endurance Test Scores with Cardiorespiratory Fitness and Body Composition. 
Journal of Strength and Conditioning Research, 26(8), 2078–2086. 
https://doi.org/10.1519/JSC.0b013e31823b06ff 
Verheij, S., Muilwijk, D., Pel, J. J. M., Van Der Cammen, T. J. M., Mattace-Raso, F. U. S., & 
Van Der Steen, J. (2012). Visuomotor impairment in early-stage alzheimer’s 
disease: Changes in relative timing of eye and hand movements. Journal of 
Alzheimer’s Disease, 30(1), 131–143. https://doi.org/10.3233/JAD-2012-
111883 
Voss, M. W., Prakash, R. S., Erickson, K. I., Basak, C., Chaddock, L., Kim, J. S., … Kramer, 
A. F. (2010). Plasticity of brain networks in a randomized intervention trial of 
52 
 
exercise training in older adults. Frontiers in Aging Neuroscience, 2(AUG), 32. 
https://doi.org/10.3389/fnagi.2010.00032 
Voss, M. W., Weng, T. B., Burzynska, A. Z., Wong, C. N., Cooke, G. E., Clark, R., … 
Kramer, A. F. (2016). Fitness, but not physical activity, is related to functional 
integrity of brain networks associated with aging. NeuroImage, 131, 113–125. 
https://doi.org/10.1016/j.neuroimage.2015.10.044 
Wang, H.-K., Lin, S.-H., Sung, P.-S., Wu, M.-H., Hung, K.-W., Wang, L.-C., … Tsai, K.-J. 
(2012). Population based study on patients with traumatic brain injury 
suggests increased risk of dementia. Journal of Neurology, Neurosurgery & 
Psychiatry, 83(11), 1080–1085. https://doi.org/10.1136/jnnp-2012-302633 
Warburton, D. E. R., Nicol, C. W., & Bredin, S. S. D. (2006). Health benefits of physical 
activity: the evidence. CMAJ : Canadian Medical Association Journal, 174(6), 
801–809. https://doi.org/10.1503/cmaj.051351 
Wise, S. P., di Pellegrino, G., & Boussaoud, D. (1996). The premotor cortex and 
nonstandard sensorimotor mapping. Canadian Journal of Physiology and 
Pharmacology, 74(4), 469–482. https://doi.org/10.1139/cjpp-74-4-469 
Yan, Z., Okutsu, M., Akhtar, Y. N., & Lira, V. A. (2011). Regulation of exercise-induced 
fiber type transformation, mitochondrial biogenesis, and angiogenesis in 
skeletal muscle. Journal of Applied Physiology, 110(1), 264–274. 
https://doi.org/10.1152/japplphysiol.00993.2010 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
Appendix: Participant questionnaire, given prior to BrDI tasks.   
 
            Questionnaire 
Pretest Intake Questionnaire - BrDI Flight study 
(The information received will remain confidential) 
 
 
ID: __________________________________  Age: _______         DOB: 
______________________ 
Dominant Hand:   LEFT  or  RIGHT  or  BOTH   Sex:    Male    or    Female  or  Other 
Level of Education:  ______________        ______  Work Full Time / Part Time / 
Neither:___________ 
Ethnicity: _________________________________ Occupation:  
_______________________________ 
Sport(s) Played (recreational or competitive): 
____________________________________________________ 
How long did you play your sport(s): _____________________________________________________-
______ 
1. Do you currently have a concussion? (an impact to the head which MAY have resulted in: 
headaches, loss of consciousness, confusion, amnesia, dizziness, nausea, etc)    
 YES    or    NO  
a) Date of concussion: _______________________________ 
b) Did you lose consciousness? ___________ For how long? _______________________ 
c) Please list any current signs and symptoms: 
_____________________________________________________________________________ 
_____________________________________________________________________________ 
2. Have you previously had any concussions (an impact to the head which MAY have resulted in: 
headaches, loss of consciousness, confusion, amnesia, dizziness, nausea, etc)?     
 YES    or    NO 
a) How many? ____________ 
b) Did you lose consciousness? ___________  For how long? _______________________ 
c) Date(s) and time out before returning to play: 
_____________________________________________________________________________ 
_____________________________________________________________________________ 
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1. Do you smoke?    YES   or    NO 
a) Do you smoke:   Cigarettes, Cannabis, Both  or  Other: _________________________ 
b) How often do you smoke the above mentioned substance(s) per day, week or month?   
___________________________________________________________________________ 
2. Do you currently have a non-head related injury?    YES    or    NO 
a) Has it kept you from play for longer than 48 hours?   YES    or    NO 
b) Has it kept you from play for longer than 3 weeks?   YES    or    NO 
 
3. Have you been diagnosed with any neurological disorders?   YES   or   NO 
 What disorder? ________________________________________________________________ 
 
4. Do you have a computer (YES   or   NO) or a tablet (YES   or   NO) at home? 
How often do you use your computer?  (all the time / often / sometimes / rarely / never) 
How often do you use your tablet?   (all the time / often / sometimes / rarely / never) 
 
5. Do you do puzzles?   YES   or   NO   (all the time / often / sometimes / rarely / never) 
 
6. Do you play video games?   YES   or   NO (all the time / often / sometimes / rarely / never) 
a) What type of games do you typically play? ACTION (time pressure) or NON-ACTION  
b) How would you rate your skill compared to your peers? (Low / Intermediate / High) 
 
7.  To your knowledge, does anyone in your family have any form of dementia?   YES   or   NO 
a) What is their relationship to you (e.g., mother/father/brother/sister, maternal 
aunt/uncle/grandmother/grandfather/cousin, paternal 
aunt/uncle/grandmother/grandfather/cousin). List all if more than one relative.  
_____________________________________________________________________________ 
_____________________________________________________________________________ 
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THE FOLLOWING IS A LIST OF ACTIVITIES THAT PEOPLE MAY PARTICIPATE IN. PLEASE INDICATE THE 
FREQUENCY (IN DAYS PER WEEK) THAT YOU TYPICALLY PARTICIPATE IN THESE ACTIVITES. 
FOR EACH ITEM CHOOSE FROM ONE OF THE FOLLOWING ALTERNATIVES:  
   
   RARELY SOMETIMES  FAIRLY OFTEN VERY OFTEN 
  (1 DAY/ (2 DAYS/ (3-4 DAYS/ (5-7 DAYS/ 
 NEVER WEEK) WEEK)  WEEK) WEEK) 
 
 0  1 2 3 4   
 
1. WATCHING TV OR 0 1 2 3 4 
MOVIES 
 
2. READING 0 1 2 3 4 
 
3. SOCIALIZING (E.G.   0 1 2 3 4 
PLAYING CARDS, TALKING  
TO FRIENDS, ETC.)  
 
4. PLAYING REC SPORTS 0 1 2 3 4 
 
5. PLAYING 0 1 2 3 4 
COMPETITIVE SPORTS 
 
6. PLAYING VIDEO/ 0 1 2 3 4 
COMPUTER GAMES 
 
7. WALKING (AT LEAST 0 1 2 3 4 
25 MINUTES) 
 
8. LISTENING TO MUSIC 0 1 2 3 4 
 
 
 
9. EXERCISING AT A 0 1 2 3 4 
GYM 
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1. DOING NON-LABOUR 0 1 2 3 4  
WORK (PAID OR VOLUNTEER)  
 
2. DOING LABOUR 0 1 2 3 4 
WORK (E.G. LANDSCAPING  
SHOVELING, PAINTING, ETC. 
PAID OR VOLUNTEER) 
 
3. RUNNING/JOGGING 0 1 2 3 4 
 
13. PUZZLES, ARTS &  0 1 2 3 4 
    CRAFTS (E.G. KNITTING, 
 CROSSWORDS, ETC.) 
 
 
LAST QUESTION! 
Are you: Pre-menopausal or Peri-menopausal or Post- menopausal* or Not Applicable  
 
*post- menopausal is defined as having no period for the past 12 months 
 
 
*When completed, please fold these 3 pages with your information on the inside* 
